ABSTRACT: Based on the various categories of surface charge and the definitions of points of zero charge proposed by Sposito (1984Sposito ( , 1998, the determination of the adsorbed proton charge ( H ) and the point of zero net charge (PZNPC) of insoluble oxides and layer silicates in aqueous solution was examined in detail using potentiometric titration experiments. The confusion, various interpretations and difficulties associated with points of zero charge, including the point of zero net proton charge (PZNPC), the point of zero net charge (PZNC) and the point of zero charge (PZC), were discussed and clarified. The importance of comparing potentiometric titration curves for pure insoluble oxides in the presence and absence of specific adsorption and of layer silicates with a permanent negative charge was emphasized. The dependency of expressions of points of zero charge on the model assumed and the weakness of the method of potentiometric titrations widely used for the determination of points of zero charge were discussed.
INTRODUCTION
The most important physicochemical characteristic of an electrified interface is its surface charge density. Because the physicochemical processes at the interface in aqueous solutions are very complicated, various interpretations have been advanced for the concept of surface charge density. From an operational viewpoint, the surface charge of layer silicates and insoluble oxides may be classified into three categories. The first is the permanent structural charge, 0 , which arises from isomorphic substitutions in layer silicates and whose value is almost always negative. The second is the adsorbed proton surface charge, H , arising from protonation and deprotonation reactions on the solid surface. Finally, the third is the adsorbed solute ion charge, q, which includes contributions from all possible modes of cation and anion adsorption other than H and OH ion adsorption. In practice,, where q is the difference between the charges associated with the adsorbed cations and anions, with q and q being the sum of the relative adsorptions multiplied by the absolute value of the valency of each adsorbate ion (Sposito 1984 (Sposito , 1998 Stumm 1992; Kallay and Zalac 2000) .
These various quantities interact in different ways. Thus, the intrinsic surface charge, in , i.e. the surface charge developed on the solid structure, is determined by the fixed negative charge ( 0 ) combined with the adsorbed proton surface charge ( H ), i.e. in 0 H . The total particle charge, p , is the sum of in and s , i.e. the charge associated with adsorbed solute ions immobilized *Author to whom all correspondence should be addressed. E-mail: guozhj@lzu.edu.cn. † Present address: Department of Applied Chemistry, College of Chemistry and Molecular Engineering, Peking University, Beijing, P.R. China.
in interfaces and not engaging in translational motion relative to the particle. The overall electroneutrality of any particle equilibrated with an aqueous electrolyte solution leads to the following relationships:
where d is the charge in the diffuse ion layer whose negative value is equivalent to the total particle charge. In other words, the total particle charge, p , is neutralized by the ions in the diffuse layer with these ions being free to move about in the bulk of the aqueous solution (Sposito 1984 (Sposito , 1998 Stumm 1992; Kallay and Zalac 2000) .
It is well known that the surface charge on layer silicates and insoluble oxides is dependent on the pH of the aqueous solution, with the pH of the point of zero charge (PZC) being a convenient reference for predicting how the particle charge depends on pH. However, the plural definitions of surface charge mentioned above have caused much confusion regarding points of zero charge. Fortunately, on the basis of the three types of surface charge mentioned, i.e. H , in , p , three standard points of zero charge have been defined by Sposito (1984 Sposito ( , 1988 and Stumm (1992) and their differences distinguished. Thus, the point of zero net proton charge (PZNPC) is the pH value at which H is zero, the point of zero net charge (PZNC) is the pH value at which in is zero while the point of zero charge (PZC) is the pH value at which p is zero. The quantities PZNPC, PZNC and PZC are often referred to jointly as the point of zero charge.
However, the precise distribution of 0 , H , s and d within the solid phase in contact with the aqueous solution phase and at the solid-solution interface is not known at present. Many models dealing with the distribution of charge have been proposed. To date, two models have been developed to locate 0 at the surface of a non-penetrable, non-porous solid, at the interface with the solution or in a penetrable, porous solid (Kraepial et al. 1998) . Some models assume that the adsorbed proton surface charge, H , is located on a planar surface at the interface with the solution in these models, i.e. at centres such as SOH 2 and SO on the surfaces of layer silicates and located at the O-plane in insoluble oxides. Many models have adopted the common approximation that the electrical potential has the same value at both negative and positive surface sites. The spatial distribution of charges at the solid-solution interface was assumed to be such that the intrinsic surface charge, 0 H , at the O-plane was balanced by one or more layers of counterand co-ions having a net charge equal but opposite to the intrinsic surface charge.
Depending on the number of layers of countercharges at the solid-solution interface, different names have been advanced for the Electrical Double Layer (EDL) by various authors (Sposito 1984 (Sposito , 1998 Stumm 1992; Kallay and Zalac 2000) . If the countercharges are associated with freely diffusing ions in solution, a very characteristic atmospheric distribution of the net countercharges arises which has been called the Diffuse Double Layer (DDL). The distribution of ions in the so-called diffuse layer is influenced by the electrostatic potential at the start of the layer, the permittivity in the interfacial region, the thermal energy, the concentration of ions and their corresponding valencies. This is the simplest model of the EDL.
However, the general model of the EDL is characterized by four layers. The first is a compact layer between O-and -planes, the counterions being exposed to a potential , with the centres of these counterions located at the -plane that is separated from the O-plane by a distance depen- is not lower than that of 0 . The second layer is assumed to be the space between the -plane and the d-plane, this plane being that corresponding to the onset of the DDL. The distribution of ions in the DDL is affected by the electrostatic potential at the onset of the DDL ( d ), the permittivity in the DDL, the thermal energy and the concentration of ions, as well as their valencies. The DDL is, in fact, divided into two layers. The third layer between the d-and the e-planes is immobile relative to the solid surface with the fourth layer between the e-plane and infinity being mobile with respect to the solid surface. Theoretically, the mobile layer extends from the e-plane to infinity, but in practice is restricted to only a few Debye-Hückel lengths. It should be noted that the magnitude of d must be less than that of . If the DDL is not sub-divided into two layers and simply considered as a single layer, this general model of the EDL becomes the Triple Layer Model (TLM) (Sposito 1984 (Sposito , 1998 Stumm 1992; Kallay and Zalac 2000) .
Because H and OH are presumably the potential-determining ions for layer silicates and insoluble oxides, it is convenient to determine the value of H via acid-base titrations (James and Parks 1982) . The net uptake of H and OH ions on layer silicates and insoluble oxides is determined by the adsorbed proton surface charge, H , which allows the net uptake of H and OH ions to be determined from the relationship: (4) where A is the surface area of the layer silicate or insoluble oxide; C acid and C base are the analytical concentrations of strong acid and base after addition of the same; F is the Faraday constant; and H + OH is the relative surface excess of hydrogen ions over hydroxide ions at each increment of acid or base added. The latter quantity is obtained by subtracting the blank titration curve from the sample titration curve.
For pure amphoteric solids (layer silicates and insoluble oxides), the point of zero charge (PZC) is commonly estimated from the crossover point of the acid-base titration curves obtained at several concentrations of indifferent electrolyte. However, three difficulties are related to this method for the determination of the PZC. The first is when a crossover point is not obtained for the titration curves, i.e. parallel titration curves are obtained at several indifferent electrolyte concentrations, or the titration curves at several indifferent electrolyte concentrations do not intersect at a point. The second difficulty is whether the common intersection point (c.i.p.) should be considered to be the PZNPC, PZNC, PZC or some other quantity. Finally, the third difficulty is that the concept of PZC is complicated by the presence of permanent charges in layer silicates and by the presence of specific ion adsorption. The aim of the present paper is to discuss and attempt to clarify these difficulties.
PZC OF PURE INSOLUBLE OXIDES IN THE ABSENCE OF SPECIFIC ADSORPTION
Let us make the following simplifying assumptions:
1. The pure insoluble oxide contains no impurities and no permanent charge ( 0 = 0, in = H ) and has a non-porous surface. 2. The sample oxide is insoluble in the acid-base titration experiments. 3. A 1:1 electrolyte (C + A ) is employed as the indifferent (supporting) electrolyte in the titration experiment and both the cation C + and the anion A in the diffuse layer are solely influenced by the electrostatic potential of the O-plane.
Points of Zero Charge and Potentiometric Titrations
4. In dilute suspensions, the particles of the insoluble oxide are widely separated so that interactions among charged particles can be ignored. 5. The surface sites ( SOH) on the insoluble oxide are energetically homogeneous and located in an infinite plane. 6. Specific adsorption is absent, i.e. s = 0, so that only under rare conditions does the charging process of the insoluble oxide involve protonation and deprotonation of the surface sites, i.e.
This concept is often described as a two-pK model in the literature (Tao and Dong 1998) . The intrinsic equilibrium constants for the protonation [equation (5)] and deprotonation [equation (6)] reactions, K int a1 and K int a2 , are defined as: (7) (8) where { } stands for the activity and H s denotes the protons at the O-plane. Protons at the O-plane are distinguished from H (aq) because the difference in electrical potential between the surface and the solution, 0 , results in a difference in the electrochemical potential of the proton, and hence in its activity. This is equal to the work required to move the proton through the potential gradient from the bulk solution to the O-plane. Thus: (9) and the fractional surface charge is: (10) where N s is the total site concentration.
Since the ratios of the activity coefficients of the surface species are assumed to be equal to unity, these activity coefficients cancel out in equations (7) and (8). Through the use of equations (7), (8) and (9) Figure 1 together with the crossover point. As shown in the figure, the indifferent electrolyte concentration promotes the charging process of the insoluble oxide. In the absence of specific adsorption and of permanent charges on the pure insoluble oxides, the effect of indifferent electrolytes on the surface charge can only be exerted through the concentration dependence of the diffuse layer charge, d . It is well known that the magnitude of d increases with an increase in the indifferent electrolyte concentration. Hence, the pH value at d 0 should be independent of the indifferent electrolyte concentration and the titration curves at several indifferent electrolyte concentrations should intersect at a particular pH value. Equation (12) above indicates that, in the absence of specific adsorption and of a permanent charge, the PZC is a measure of the relative affinity of H and OH ions towards an amphoteric surface.
PZC OF LAYER SILICATES IN THE ABSENCE OF SPECIFIC ADSORPTION
Employing simplifying assumptions 2-6 mentioned above but not assumption 1, i.e. that the layer silicate particle is impenetrable, its interface with the 1:1 indifferent electrolyte solution contains permanent (fixed) negative charges ( 0 0) which are pH-independent and SOH sites that can take up or release protons to provide variable surface charges ( H ) as the pH of the system is varied. Equations (5)-(11) are also applicable in this case. However, since H 0, 0 0 and PZNPC 0 at the PZNPC: (13) where the quantity PZNPC arises solely from the permanent charges 0 . If the layer silicate is porous, the particle interior only carries a homogeneously distributed permanent charge ( 0 ) whose magnitude is pH-independent, while only the SOH sites located at the surface of the particles at the interface with the indifferent 1:1 electrolyte solution generate surface proton charges of magnitude H . Under these circumstances, equation (13) also applies (Kraepiel et al. 1998) . The experimental results from acid-base titrations now only provide the variation in H as a function of pH and ionic strength. Under these circumstances and in contrast to Figure 1 , a crossover point is not obtained for the titration curves determined at several 1:1 indifferent electrolyte concentrations (Figure 2) (Kraepiel et al. 1998) .
The principal features of titration curves for layer silicates are as follows:
1. At acidic pH values, the SOH groups in layer silicates are protonated to a greater extent at lower ionic strength; at basic pH values, the SOH groups in layer silicates are deprotonated to a smaller extent at lower ionic strength. 2. The value of PZNPC increases with decreasing 1:1 indifferent electrolyte concentration. 
Points of Zero Charge and Potentiometric Titrations
3. The H versus pH curves at several 1:1 indifferent electrolyte concentrations are virtually parallel to each other rather than intersecting at a common crossover point. 4. The gap between two titration curves at higher ionic strengths is less than that at lower ionic strengths.
In comparison with equation (12), the shift of PZNPC with variation of ionic strength is clearly defined by equation (13), since PZNPC derived from in is a function of ionic strength. Compared with the case where a permanent surface charge does not exist, the electrostatic interactions of the negative permanent charges of layer silicate lead to an increase in the concentration of SOH 2 groups at acidic pH values and a decrease in the concentration of SO groups at basic pH values. Because the shielding of electrostatic interactions by the 1:1 indifferent electrolyte ions increases with increasing ionic strength, the shift of PZNPC diminishes at higher ionic strength. Since the layer silicate bears a negative permanent surface charge, the value of PZNC ( in 0 H ) must be lower than the corresponding value of PZNPC. Also, since an internal concentration of negative permanent charge exists in a penetrable, porous layer silicate, the internal concentration of H ions inside the layer silicate resulting from ion exchange on the negative permanent charges will become significant at low pH and low ionic strength. In other words, the H ions added during an incremental acid-base titration will be consumed by protonation of the SOH groups and ion exchange of negative permanent charges. As a result of such ion exchange, the internal H ion concentration will decrease with increasing ionic strength and pH.
PZC OF A PURE INSOLUBLE OXIDE IN THE PRESENCE OF SPECIFIC ADSORPTION
We now employ simplifying assumptions 1-5 mentioned above but exclude assumption 6. In this case, besides the 1:1 indifferent electrolyte C A , a metal salt M , etc.) is also added to the titration system containing the insoluble oxide. The M x and or L y ions have an affinity for the insoluble oxide in excess of the coulombic term, are not constituent ions of the insoluble oxide and do not react with the H , OH , C or A ions present in the aqueous solution. Not only do the specifically adsorbing ions passively screen the existing charges from the protonation and deprotonation of SOH groups, they actively contribute to the charge themselves. In other words, s 0 and the specific adsorbing ions are located in a compact layer between the O-and -planes. Thus, Hayes and Leckie (1987) assumed in their studies that Pb 2 ions were allowed to locate at either the O-or -plane of goethite instead of solely at the -plane. In general, it is assumed that the specific adsorbing ions are located only in the -plane. Hence, in addition to equations (5) and (6), it is necessary to write the following reactions: (14) ( 15) with the corresponding equilibrium constants:
The fractional surface charge is
where 0 e 0 kT, e kT. Although 0 0, H 0, because of specific adsorption of M x and or L y ions at the -plane, 0 0, 0 at the PZNPC. Hence, the 0 and terms cannot be cancelled out in equation (19) .
The expression for {H } PZNPC is obtained as follows:
and . In comparison to the absence of specific adsorption, adsorption of M x ions leads to a decrease in the value of PZNPC with a corresponding increase occurring when specific adsorption of L y occurs. Compared with the absence of the specific adsorption of M x ions, it is clear that when these ions are present in the compact layer between the O-and -planes, a higher H ion concentration is necessary in the aqueous solution to reach the situation where the concentrations of both SOH 2 and SO are equal. In contrast, when L y ions are present in the compact layer between the O-and -planes, relative to the situation in the absence of L y specific adsorption, a higher OH ion concentration is necessary in the aqueous solution to reach the situation where the concentrations of both SOH 2 and SO are equal. If the M x and L y ions are specifically adsorbed at the same place as an indifferent salt, their charges do not make a contribution in the compact layer and hence the addition of the salt has no effect on the PZNPC (Figure 3 ) (Stumm 1992; Lyklema 1984; Ardizzone et al. 1982; Kinnibury 1981) . When M x ions are present in the compact layer between the O-and -planes, 0 0, H 0 and s 0 at the PZNPC, i.e. p 0, while p 0, -H s and H OH at the PZC. Thus, the value of the PZC must be less than that of the PZNPC under these circumstances (Figure 3) (Stumm 1992; Lyklema 1984; Ardizzone et al. 1982; Kinnibury 1981) . 
CONCLUSIONS
The following conclusions may be reached on the basis of the above statements:
1. When indifferent electrolytes are present in their aqueous solution and permanent charges are absent from their structures, potentiometric titration experiments have indicated that insoluble oxides often exhibit decreasing degrees of protonation at acidic pH values and of deprotonation at basic pH values with decreasing ionic strength. In contrast to the situation with insoluble oxides, potentiometric titration experiments have indicated that layer silicates in an indifferent electrolyte solution and in the presence of permanent charges often exhibit an increasing degree of protonation at acidic pH values and a decreasing degree of deprotonation at basic pH values. In a mixed solution containing an indifferent electrolyte and specifically adsorbing ions, insoluble oxides often exhibit a shift in PZNPC value on their titration curves compared with their corresponding behaviour in the absence of specific adsorption (Chu et al. 1997a,b; Tao et al. 1996 Tao et al. , 2002 Mustafa et al. 1998 ). 2. Potentiometric titration curves do not provide sufficient information regarding surface charge; they only provide information regarding the adsorbed proton charge ( H ) (Lützenkirchen et al. 1995; Lützenkirchen 1998) . The development and application of new experimental techniques and an improvement in the experimental accuracy of potentiometric titrations are both highly desirable. In addition, greater importance should be attached to the reversibility of titration curves. 3. Points of zero charge are inoperable quantities thermodynamically. Expressions for points of zero charge are based on the assumptions inherent in some models (Lützenkirchen et al. 1995; Lützenkirchen 1998; Rudzinski et al. 1992) . The expression {H } PZNPC (K int a1 K int a2 ) 1 2 is only applicable in potentiometric titration experiments of aqueous solutions containing insoluble oxides in the presence of indifferent electrolytes. 4. It is often not easy to discriminate between indifferent electrolyte ions, weak specifically adsorbing ions and strong adsorbing ions prior to potentiometric titration experiments. In contrast, specific adsorption may be inferred from the shift in the value of PZNPC obtained from potentiometric titration experiments. In general, the (CH 3 ) 4 N cation and similar ions and the ClO 4 anion are too large to react with the surface and become specifically adsorbed. It is usually assumed that these larger ions behave in an indifferent manner and only act as a screen of the charged surface. 5. If the potentiometric titration curves for an insoluble oxide at different electrolyte concentrations show a common intersection point (c.i.p.) at H 0, this is an indication that the electrolyte is indifferent and that the c.i.p. corresponds to a PZNPC. In contrast, the presence of a c.i.p. in the potentiometric titration curves at different salt concentrations at H 0 cannot be used to infer that specific adsorption is absent. 6. Research on interfacial equilibria and surface charge is still in a state of development, with unification of the determination procedures and definitions of the surface charge being highly desirable. For this reason, values of points of zero charge reported in the literature obtained through application of the potentiometric titration method should be regarded with caution.
